1. Introduction {#sec1}
===============

High electron mobility transistors (HEMTs) made from gallium nitride (GaN) are attractive for high-power and high-frequency applications.^[@ref1],[@ref2]^ Still, the full potential of GaN HEMT devices is yet to be realized due to less than effective thermal management. It has been shown that slight changes to the operating temperature of these devices can lead to a significant reduction in device lifetime.^[@ref3],[@ref4]^ Current standards for effective thermal management in GaN devices entails the structures to be made from GaN grown on silicon carbide (SiC).^[@ref5],[@ref6]^ Though SiC has a thermal conductivity of κ~SiC~ ≈ 360--490 W/m·K,^[@ref7]^ resulting in good device performances, further improvement can be made if the SiC layer is replaced with diamond substrates \[κ~Dia~ ≈ 2100 W/m·K^[@ref8]^ for single crystal and ≈1200 W/m·K^[@ref9]−[@ref11]^ for a 100-μm-thick polycrystalline diamond layer (averaged through the nucleation layer to growth surface)\]. Another approach can be to use large-area heteroepitaxial diamond films which can be grown by chemical vapor deposition on iridium substrates.^[@ref12],[@ref13]^ But since they cannot be directly grown on AlN, only a wafer-bonding route may be suitable for such films. For cost-effective, direct-growth wafer scale implementation of diamond as a thermal management layer, polycrystalline films need to be used. This is due to the fact that it is possible to grow large-area wafer-scale polycrystalline diamond films, which is not the case for single crystals. Furthermore, it has been shown that the average through-plane thermal conductivity of 100-μm-thick polycrystalline diamond films exceeds the thermal conductivity of SiC by \>3 times, which is required for a step-change in GaN device thermal management.^[@ref14]^

For fabrication of GaN--diamond devices, the diamond can be grown on GaN, or GaN can be grown on diamond. The growth of GaN on diamond is possible only on single-crystal diamond and has led to promising devices.^[@ref15],[@ref16]^ But, the high cost and small size of single-crystal diamond make them unattractive. In the past, polycrystalline diamond has been grown on GaN with buffer layers,^[@ref11],[@ref17]^ but the low thermal conductivity of the amorphous SiN adhesion layer is known to be a thermal bottleneck.^[@ref18]^ Removing this thermal bottleneck between GaN and diamond will enable the full heat extraction potential of GaN-on-diamond to be realized. Alternatively, the growth of thin diamond layers directly on GaN surface^[@ref19]^ has been shown. However, it is not possible to grow a thick diamond layer (\>10 μm) on GaN due to the absence of any carbide bond between GaN and diamond layers and large differences in their thermal expansion coefficients. It has also been shown that GaN grown on sapphire is unsuitable for growth of thick diamond layers due to the thermal mismatch between diamond and sapphire.^[@ref20]^ However, diamond can be grown on AlN.^[@ref21]^ This offers the possibility for a much improved GaN-on-diamond material structure. An AlN interlayer could be incorporated into a GaN buffer stack, grown onto, for example, a Si substrate. The Si substrate along with the AlGaN-based strain-relieving layers, needed for the growth of GaN onto Si, can be removed and a selective etch can be used to expose the embedded AlN interlayer. The thick diamond substrate layer can be grown onto the back of the AlGaN/GaN device layers for optimal heat sinking.^[@ref22]^ We note that there is also an AlN layer just at the interface between the Si substrate and GaN, though its utilization would not be useful in this context due to the high thermal resistance of the AlGaN strain-relieving layer as was previously demonstrated.^[@ref23]^

In this work, the growth of a thick (\>100 μm) diamond layer on 250-nm-thick AlN layers has been successfully demonstrated and a possible model of its growth developed. The thermal barrier resistance of the interface was also measured and found to be much improved compared to state-of-the-art GaN-on-diamond material. In the past, there have been attempts to grow thin diamond layers on AlN,^[@ref24]−[@ref28]^ but the growth of \>50-μm-thick layers has not been demonstrated. The growth of diamond on an AlN surface by microwave plasma chemical vapor deposition also exposes the surface to hydrogen and methane plasma. Pobedinskas et al.^[@ref29]^ had studied the effects of hydrogen and methane plasmas on sputtered AlN. They found that the films can be etched when exposed to plasma for long periods of time. Once the diamond film is coalesced, the AlN layer should be protected by the diamond layer. Cervenka et al.^[@ref30]^ had studied the effect of hydrogen plasma on the nucleation density and surface morphology of diamond grown on single-crystal AlN. Similarly, Pobedinskas et al.^[@ref31]^ described a method to enhance the seeding density on AlN. In the literature, there are other examples of plasma pretreatment on various other substrates for nucleation modification; in most cases, it has been done to enhance the nucleation density.^[@ref32]−[@ref37]^ The growth of thick layers on as-received AlN was not possible initially when untreated as-grown AlN surfaces were used, but after surface treatment (hydrogen/nitrogen plasma exposure before seeding) it was possible to grow thick layers on AlN thin films. Here as-received films refer to films that were not pretreated prior to diamond seeding. The ζ-potential of the AlN surfaces before and after treatment has been measured. X-ray photoelectron spectroscopy was done to analyze the treated and untreated surfaces. Atomic force microscopy (AFM) was used to observe the diamond seeds on the surface of the substrates. The Raman maps have been taken of thin diamond films grown on as-received and pretreated AlN to determine the interface composition. The interface was imaged and electron energy loss spectroscopy was done using scanning transmission electron microscopy (STEM). Finally, the thermal barrier resistance (TBR~eff~) was measured using transient thermoreflectance measurements.

2. Results and Discussions {#sec2}
==========================

2.1. ζ-Potential of AlN Thin Films {#sec2.1}
----------------------------------

The AlN layer used in this study was grown on 150 mm Si substrates in an Aixtron close-coupled showhead metal--organic chemical vapor deposition (MOCVD) system. Trimethylaluminum (TMAl) was used as the Al source and ammonia (NH~3~) was used as the nitrogen source in hydrogen carrier gas. The single-crystal AlN film is grown with (0001) orientation and has an Al-polar growth surface. An indication of the crystal quality of the layer is given by the X-ray fwhm of the (0002) and (101̅1) peaks, which have values of 3300 and 5500 arcsec, respectively. The high X-ray fwhm values of the AlN are dominated by the large in-plane lattice mismatch between the AlN and Si substrate, which requires a high density of misfit dislocations at the interface. The ζ-potential measurements were made in order to determine the charge of the AlN surface in water as a function of pH. This is important, as it allows the determination of the most effective seeding solution, i.e., the necessary charge on the diamond nanoparticles in order to drive electrostatic attraction. The results of the ζ-potential measurements are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The ζ-potentials as a function of electrolyte pH of the as-received AlN substrates and AlN substrates treated with H~2~/N~2~ plasma, H~2~ plasma, and O~2~ plasma were measured. H~2~/N~2~ plasma pretreatment was needed for successful growth of a thick diamond layer on AlN. For comparison, the ζ-potentials of H~2~-plasma- and O~2~-plasma-treated AlN surfaces were also measured. The main point of interest for seeding is the ζ-potential in the pH range of 6--7. This is the pH range of the diamond solution. In this range, the ζ-potentials for samples treated with H~2~ plasma and O~2~ plasma remain close to that of the as-received substrates, staying in the range from −30 to −35 mV. In contrast, the ζ-potential of H~2~/N~2~-plasma-treated substrates is enhanced and it is between −40 and −45 mV in the pH range of interest. Since an observable change in ζ-potential was only seen in the case of H~2~/N~2~ plasma, only samples pretreated with this recipe were extensively studied.

![ζ-Potential vs pH for as-received AlN and the same sample after pretreatment with H~2~/N~2~ plasma for 10 min. A clear increase in negative ζ-potential can be seen after treatment, indicating an increase in oxygen content on the surface. The ζ-potentials of the AlN surface after H~2~ plasma treatment and oxygen ashing are also presented. The changes in ζ-potential for these treatments are not as large as for H~2~/N~2~ plasma at pH 7.](am9b13869_0001){#fig1}

The films were then seeded with both H- and O-terminated seeds. The H-terminated seeds are known to have positive ζ-potential, while the O-terminated ones are negatively charged in water.^[@ref38]^ Hence, for high seeding density H-terminated or positively charged diamond seeds on the negatively charged AlN layers^[@ref39]^ need to be used. O-Terminated seeds were also used to cross-check the validity of the measurements. Thick diamond layer was grown on both O- and H-terminated nano-diamond treated samples. The thick diamond films grown on as-received AlN, treated with both types of seeds, delaminated immediately after growth. Hence, a pretreatment of the AlN layer was devised to increase adhesion. It was found that diamond grown on pretreated samples seeded with O-terminated seeds managed to adhere to the AlN layer. This suggests that lower seeding densities may be useful for making a thick, adherent layer on AlN. The high quality of the diamond grown on the pretreated AlN was demonstrated using Raman spectroscopy and SEM (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b13869/suppl_file/am9b13869_si_001.pdf)).

2.2. Surface Analysis by X-ray Photoelectron Spectroscopy {#sec2.2}
---------------------------------------------------------

XPS measurements were performed to study the origin of the ζ-potential previously measured. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the ratios of various species on the surface of AlN films before and after pretreatment. For the analysis of the spectra, the charge correction was done with respect to the adventitious carbon peak at 285 eV.^[@ref40],[@ref41]^ After the correction, the O 1s peak was found to be at 531.2 ± 0.4 eV. The data were taken on both as-received as well as samples that were argon-cluster-etched in situ to get rid of surface contaminants. In panels A and B of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, the data for cluster-etched samples only are shown. In panel C of the same figure the survey spectra of one of the samples is shown. The vertical lines have been drawn to mark the positions of Al 2p, C 1s, N 1s, and O 1s peaks. The zoomed in Al 2p peaks from the as-received and 10-min-treated samples are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D. A clear increase in contribution from the AlO component can be seen in the pretreated sample. The observed spectra have been purposely shifted to show the individual fitted curves.

![(A) The ratio of O 1s and N 1s to Al 2p on the surface of AlN film before and after plasma treatment. (B) The ratio of AlO to AlN peaks in the XPS data. The peaks have been determined by deconvoluting the Al 2p peak in the spectra. (C) A survey spectra for an AlN sample. The vertical lines mark the positions of peaks of interest. (D) Al 2p peak for as-received and 10-min-treated samples. The observed data have been shifted by a fixed amount to show the individual fitted (AlN, AlO, and Al) peaks.](am9b13869_0002){#fig2}

For deconvoluting the Al 2p peak, three components were chosen, AlN, AlO, and Al. While none of the samples showed the presence of Al on the surface (green curve in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D), the AlN and AlO species had varying concentrations. There is a wide range of values available for such peaks in the literature,^[@ref42]−[@ref49]^ the values from Alevli et al.^[@ref48]^ were taken as our starting point. On the basis of this, certain constraints to the values of AlO and Al peaks with respect to the AlN peak were assigned. The AlO peak was constrained to be at +1 eV from the AlN peak, and the Al peak was constrained to be at −0.9 eV from the same peak. All the four samples were analyzed using this method, both before and after cluster etching. The peak position for AlN was found to be 73.3 ± 0.3 eV and that for AlO was 74.5 ± 0.3 eV, which is in good agreement with published data.

To see the effects of pretreatment, the total intensities of various peaks in the XPS data were compared. In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A the ratios of O 1s and N 1s peaks to Al 2p peak have been compared. While the N 1s to Al 2p ratio goes down, the ratio between O 1s and Al 2p goes up. This is a clear indication that the surface Al goes from a nitrogen-rich environment to a more oxygen-rich environment. To see the relative concentrations of AlO and AlN, the two species have been compared in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B. It is clear that the surface is predominantly nitrogen-rich, but after the treatment, the surface has almost 25% oxygen. This may seem counterintuitive, but the sample is exposed to air between pretreatment and seeding with nano-diamond solution, hence the increase in oxygen content after pretreatment. The increase in the oxygen content at the surface is also validated by a decrease in ζ-potential of AlN films before and after treatment. The ratios of O 1s and N 1s to Al 2p for the other treatments have also been measured. The results for those are presented in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b13869/suppl_file/am9b13869_si_001.pdf). After the pretreatment, the samples were seeded with nano-diamond seeds and were imaged with atomic force microscopy.

2.3. Seeding Density Using Atomic Force Microscopy {#sec2.3}
--------------------------------------------------

From the ζ-potential results, it is clear that H-terminated diamond seeds, which are positively charged in water, should give the highest densities on AlN substrates. The surfaces were seeded with both H- and O-terminated (negatively charged in water) diamond seeds. AFM was done on seeded and unseeded substrates after plasma pretreatment. The micrographs are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, where the substrates after pretreatment (panel A) and subsequent seeding with different seeds (panels B and C) are shown. Panels D, E, and F are line profiles from images shown in panels A, B, and C respectively. The white lines in panels A, B, and C show the approximate position of the profile on the image. The AFM images for the untreated substrates with various seedings are shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b13869/suppl_file/am9b13869_si_001.pdf). As expected, high seeding density for H-terminated seeds (panel B) is seen. The line trace in panel E shows the presence of a large number of seeds on the surface. On the other hand, the line trace in panel F shows very few seeds. However, on comparison with panel D, it can be confirmed that there are some seeds on the surface. The seeding densities observed are in-line with ζ-potential results. The seeded samples were then exposed to growth conditions in a CVD reactor for 30 s, and the images of the uncoalesced films are shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b13869/suppl_file/am9b13869_si_001.pdf). The images clearly show the difference between the H- and O-treated substrates. The estimated seeding density based on AFM images is ∼10^11^ cm^--2^ for H-terminated diamond seeds and ∼10^9^ cm^--2^ for O-terminated diamond seeds. A number of seeded wafers were used to grow diamond layers of varying thicknesses. Thin diamond layers (50 nm) were used to study the initial stages of growth by Raman spectroscopy. Layers around 1-μm-thick were used to study the AlN--diamond interface by TEM and thick diamond layers (\>100 μm) were finally characterized for their thermal properties.

![AFM images of AlN wafers before (A) and after seeding with hydrogen (B) and oxygen (C) terminated diamond seed solution. The wafer was plasma pretreated before seeding. Panels D--F are the line profiles of the left column images, as indicated by the white line. The images were taken using a Bruker Dimension Icon Pro in PeakForce Tapping mode.](am9b13869_0003){#fig3}

2.4. Carbon Configuration in Early Growth Stage {#sec2.4}
-----------------------------------------------

Raman measurements were performed in order to investigate the carbon configuration in the early stages of growth. The Raman maps of two 50-nm thin diamond films grown on pretreated and untreated AlN films were taken to understand the diamond--AlN interface. The spectrum was taken over an area of 30 × 30 μm. The high-resolution scans were taken between 400 and 1600 and from 1230 to 2300 cm^--1^. The spectra from two different scans were joined by normalizing the spectra with respect to the 1332 cm^--1^ diamond peak.^[@ref50],[@ref51]^ The pretreatment in this case was only 10-min H~2~/N~2~ plasma exposure before seeding. From these maps, representative points were selected, and the Raman data from those points are presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The red curve is for the sample grown on pretreated AlN, and the blue one is for the diamond grown on untreated AlN. Common diamond/non-diamond peak positions of various components are marked in the graph. Spectroscopy data from multiple areas are presented in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b13869/suppl_file/am9b13869_si_001.pdf) to illustrate the homogeneity of the data seen in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

![Raman spectroscopy data from very thin diamond films (50 nm) grown on pretreated and untreated AlN. The most common peaks have been marked on the figure.](am9b13869_0004){#fig4}

The most probable bonding between the diamond and AlN layer is a carbide bond or cyanide bond. The aluminum carbide peaks should appear at 718 and 864 cm^--1^ ^[@ref52]^ and the cyanide peaks should appear as a band around 2090 cm^--1^.^[@ref53],[@ref54]^ In all our data, no existence of any peaks or bands is seen. Thus, large-scale bonding through formation of carbide- or cyanide-containing layers is not detectable by Raman, though this may be related to the presence of only a very thin carbide layer below the Raman detection volume. Looking at the figure, it is evident that there is some significant difference between the non-diamond carbon content in the two thin films. The position of *trans*-polyacetylene (TPA) peaks at 1150 and 1450 cm^--1^ ^[@ref55]^ along with D (DG) and G (G) peaks at 1350 and 1560 cm^--1^,^[@ref56]^ respectively, have been marked. The disordered carbon peak at 1405 cm^--1^, linked to graphitic rings, is not present in these thin films, and the shift of the G band from 1580 to 1560 cm^--1^ is mainly due to switchover of the π ring system to π chain systems.^[@ref57]^ All the major peaks related to non-diamond carbon, marked on the Raman spectra, are quite prominent in the film grown on pretreated AlN when compared with film grown on untreated AlN. The large difference in the non-diamond carbon content in the initial phases of growth may be the key to the adhesion of the thick diamond layer on the AlN surface. Raman was also done on thick diamond films on AlN, and the non-diamond peaks are not evident in that spectra (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b13869/suppl_file/am9b13869_si_001.pdf)). This points to two things: first, the non-diamond carbon is present only during the initial phases of growth, and second, the overall quality of the thick diamond film is good, which is likely to have excellent thermal properties.

2.5. Interface Structure from Cross-Sectional TEM {#sec2.5}
-------------------------------------------------

The atomic and chemical characterization of the AlN--diamond interface was carried out using transmission electron microscopy (TEM). The samples were prepared using a focused ion beam (FIB). An aberration-corrected FEI Titan3 operated at 300 kV was used for high-angle annular dark-field scanning TEM (HAADF-STEM) imaging, and an FEI Tecnai Osiris operated at 200 kV was used for electron energy loss spectroscopy (EELS). The image of the AlN--diamond interface is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Voidlike features at the interface are clearly visible in the left panel. This is because of the poor seeding density that arises due to the O-terminated seeds used in seeding. The right-hand image shows a clean interface with little clear evidence of any carbide- or cyanide-containing layers, also absent from the Raman data. This image of the interface is atomically resolved, and that is achieved in this region of the sample because the diamond and AlN lattices are locally well-aligned. This alignment is not, however, typical, since the diamond film is polycrystalline and thus not uniformly aligned to the AlN lattice.

![HAAD-STEM image of the sample grown using O-treated diamond seeds. Holes can be seen in places in the diamond film, originating from the seeding. High-resolution TEM images reveal that the interface is sharp with no obvious intermediate phase forming between the AlN and the diamond. It should be noted that the diamond film is polycrystalline and the structure of the interface may vary on the basis of the orientation of the diamond seed relative to the substrate.](am9b13869_0005){#fig5}

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the electron energy loss spectroscopy (EELS) analysis of the interface recorded at the same location as the data in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The spectra from the bulk of the film and substrate correspond to the standard spectra expected for diamond and AlN, respectively. In particular, the C K-edge in the diamond spectrum exhibits only a σ\* peak, characteristic of the sp^3^ bonding of diamond. The C K-edge in the interface region, on the other hand, displays a mixture of σ\* and π\* peaks, similar to graphite, which implies (sp^2^ + 2p~*z*~) bonding.^[@ref58]^ It should be noted that the Al K-edge in the interface region was detected, but no N K-edge, which may imply the formation of thin carbide right at the interface not detected by Raman. In this specific acquisition, no O K-edge was detected. Other EELS acquisitions were taken at the interface between the AlN and randomly oriented diamond crystallites. In this instance, the behavior was similar to that reported in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, apart from an additional O K-edge present at the top surface of the AlN film (but not in the diamond); the presence of O at the surface of AlN was also suggested from XPS.

![(A) Dark-field image obtained in the same region as the high-resolution image in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and the region where the EELS data were recorded. (B) Selected EELS spectra taken of the diamond film (I), at the interface (II), and of the AlN substrate (III); the peaks of interest are labeled. (C) Plot of the (normalized) intensity of the peaks of interest across the interface.](am9b13869_0006){#fig6}

2.6. Interfacial and Material Thermal Properties {#sec2.6}
------------------------------------------------

Transient thermorelfectance measurements were performed to characterize the thermal barrier resistance of the AlN--diamond interface and the thermal conductivity of the diamond films grown on AlN. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A shows the measured TBR~eff~ benchmark of samples studied in this work against the state-of-the art thermal boundary resistance (TBR~eff~) data of GaN-on-diamond using Si~3~N~4~ as the interlayer.^[@ref18]^ We note that the majority of the GaN-on-diamond resistance arises from the Si~3~N~4~--diamond interface. The experimental details for thermal characterization can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b13869/suppl_file/am9b13869_si_001.pdf). The most relevant of all the samples is the one with 10-min treatment. The diamond samples grown with the AlN interlayer demonstrate a greatly reduced thermal resistance, with an average barrier resistance of 16 m^2^·K/GW, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. This barrier resistance is low in spite of the voids and non-diamond carbon near the interface. The effective thermal conductivity of the AlN interlayer was estimated to be as high as 30 W/m·K, by the ratio of AlN thickness (250 nm) to TBR~eff~; this is in contrast to 1--3 W/m·K^[@ref18]^ for amorphous Si~3~N~4~ commonly used to seed the diamond growth. This is the reason that the demonstrated diamond-on-AlN approach is so advantageous for diamond--GaN integration. It is to be noted that bulk single-crystalline AlN can have a thermal conductivity as high as ∼400 W/m·K;^[@ref59]^ the thermal conductivity of a 250-nm single-crystalline AlN layer in the sample can be estimated to be about 150 W/m·K using the modified Debye--Callaway model,^[@ref60]^ suggesting that point defects or grain boundaries reduce its thermal conductivity somewhat. The high-resolution TEM micrograph of the AlN--diamond interface shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} illustrates that there will be only a minor amount of interface roughness phonon scattering at the AlN--diamond interface due to defects. The minimum TBR achievable at the AlN--diamond interface from a diffuse mismatch model (DMM), relying only upon the density of states in these two materials,^[@ref61]^ is 0.8 m^2^·K/GW.

![(A) The AlN--diamond effective thermal resistance (TBR~eff~) measured with the TTR technique. TBR~eff~ is a lumped thermal resistance, associated with the thin AlN layer, AlN/diamond boundary, and diamond nucleation layer. Samples were measured with varying pretreatment time. (B) The thermal conductivity of the thick (∼100 μm) diamond layer grown on the AlN layer.](am9b13869_0007){#fig7}

The average thermal conductivity of the diamond, TC, is ∼1200 W/m·K (shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B) for diamond of ∼100 μm thickness. This is comparable to results expected for polycrystalline diamond of similar thickness.^[@ref14]^ This diamond thermal conductivity measured here is an average thermal conductivity of diamond through the whole layer thickness; with the smaller diamond crystalline size near the AlN--diamond interface, the thermal conductivity of the diamond near this interface is typically reduced.^[@ref14]^ The high thermal conductivity and sharp 1332 cm^--1^ peak exhibited in the Raman spectroscopy (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b13869/suppl_file/am9b13869_si_001.pdf)) demonstrate the high quality of the diamond growth on AlN by this approach. This combined with the low thermal barrier resistance make this approach highly viable for the thermal management of AlN and GaN devices as well as photonics structures.

2.7. Growth Dynamics of Diamond on AlN {#sec2.7}
--------------------------------------

A possible model for the adhesion and low thermal barrier resistance demonstrated in this work is shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. During the initial phase of growth (upper panel), the scattered seeds start to grow both vertically and laterally, and there is little to no spontaneous nucleation on areas where there are no diamond seeds, as is also witnessed on silicon. As the nucleation density in this work is significantly below the state-of-the-art (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, ∼10^9^ vs ∼10^11^ cm^--2^), the areas that are exposed to the plasma without diamond seeds result in some in-diffusion of carbon, but mostly carbon accumulation on the surface. This carbon is predominantly sp^2^-bonded, and thus, lower nucleation densities exhibit higher sp^2^ content at the interface. Eventually, the lateral growth of the diamond crystals blocks these regions from the growth plasma, and small voids are enclosed at the interface (lower panel and see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). These voids may act to reduce stress and promote adhesion in combination with the sp^2^ bonding. However, these films still exhibit low thermal barrier resistance, and thus, the presence of finite sp^2^ bonding and voids at the interface is not detrimental to heat flow. This could be due to the lateral growth of the diamond seeds at the interface providing large and abrupt contact between the diamond and AlN, as well as the possible evidence of Al--C bonding shown in the EELS (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}).

![Schematic of diamond film growth with low nucleation density. The initial phase is a mixture of diamond growth on seeds as well as carbon in-diffusion in to the substrate.](am9b13869_0008){#fig8}

3. Conclusions {#sec3}
==============

It is possible to grow a thick (\>100 μm) diamond layer on AlN. Such a layer could be used for thermal management of GaN high-power devices. For successful growth, the AlN layers need to be pretreated with 10% N~2~/H~2~ plasma for a minimum of 10 min. The pretreatment has been shown to increase the oxygen content of the AlN surface, thus making its ζ-potential more negative. Even though H-treated diamond seeds (positively charged seeds on negatively charged surface) seem to be the obvious choice based on ζ-potential study, it was found that films grown after seeding with such seeds delaminated very quickly. As a result, it was found that O-terminated seeds after pretreatment resulted in films that did not delaminate, possibly due to reduced stress at the interface. Considering the fact that thick diamond grown on high-seed-density substrates delaminated, it is suggested that a low seed density is beneficial for very thick diamond films. Raman spectroscopy studies revealed that the non-diamond carbon content in the initial stages of growth is much higher in films grown on pretreated AlN. It is possible that the excess non-diamond carbon assists in the adhesion of the diamond to AlN layer. The local diamond--AlN interface was found to be extremely abrupt in places. The average thermal barrier resistance measured for the samples grown with O-terminated seeds was found to be ∼16 m^2^·K/GW, which is much lower than the current state-of-the-art.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsami.9b13869](http://pubs.acs.org/doi/abs/10.1021/acsami.9b13869).Details of measurement techniques used, XPS data on H~2~- and O~2~-treated samples, Raman spectra of the thick diamond film, Raman maps of a 50-nm diamond film on AlN, AFM images of seeds on untreated AlN, SEM of a thick, adherent film, and SEM of seeds on AlN after 30 s of growth ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b13869/suppl_file/am9b13869_si_001.pdf))
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